Salmonella is the second-leading cause of food-borne illness in most developed countries, causing diarrhea, cramps, vomiting, and often fever. Many rapid methods are available for detection of Salmonella in foods, but these methods are often insensitive or expensive or require a high degree of technical ability to perform. In this paper we describe development and characterization of a novel assay that utilizes the normal infection cycle of bacteriophage SJ2 for detection of Salmonella enterica serovar Enteritidis in broth. The assay consists of four main stages: (i) capture and concentration of target cells by using immunomagnetic separation (IMS); (ii) infection of the target bacterium with phage; (iii) amplification and recovery of progeny phage; and (iv) assay of progeny phage on the basis of their effect on a healthy population of host cells (signal-amplifying cells). The end point of the assay can be determined by using either fluorescence or optical density measurements. The detection limit of the assay in broth is less than 10 4 CFU/ml, and the assay can be performed in 4 to 5 h. The results of this study demonstrate that the IMS-bacteriophage assay is a rapid, simple, and sensitive technique for detection of Salmonella serovar Enteritidis in broth cultures which can be applied to preenriched food samples.
Salmonellae remain a major cause of food-borne illness in the developed world, causing gastroenteritis characterized by diarrhea, cramps, vomiting, and often fever. Salmonellae are ubiquitous in the environment and primarily reside in the intestinal tracts of birds, reptiles, farm animals, and humans. Transmission to humans is usually food borne and results from eating undercooked meat, milk, or eggs or from cross-contamination of other foods which are eaten without cooking.
Conventional methods for detection of Salmonella in foods are based on nonselective and selective enrichment, followed by biochemical and serological identification. These methods can take from 4 to 6 days to perform and thus lack the speed required for analysis of food products. Numerous rapid methods have been developed for Salmonella detection, but these methods often suffer from a lack of sensitivity or specificity or require expensive equipment or considerable technical expertise to perform (3, 22, 30) .
The specificities of bacteriophages for their host bacteria make them ideal agents for bacterial identification and strain typing (7) . Bacteriophages (phages) have been investigated for use in detecting food-borne pathogens. Bacterial luciferase has been used as a reporter for bacterial detection and enumeration (28) . To do this, lux genes are introduced into the genome of a bacteriophage. The bacteriophage lacks the intracellular machinery necessary for light production and thus remains dark. Upon infection of a host, the phage genes, including the additional lux genes, are expressed within 1 h of infection and the host cells become bioluminescent (28) . Kodikara et al. (14) have used lux ϩ recombinant phage for nearly on-line detection of enteric indicator organisms. If a target is present at levels greater than 10 4 CFU/g, it can be detected without enrichment in less than 1 h. Chen and Griffiths (5) used lux ϩ recombinant bacteriophage for detection of Salmonella in eggs. Recombinant transducing phage were introduced into artificially inoculated eggs. Infection of target Salmonella by the phage resulted in luminescence, which could be detected directly through the eggshell with a charge coupled device photon-counting camera. A 6-h preenrichment period was sufficient for detection of as few as 10 Salmonella cells per ml of original sample. An advantage of these luminescent applications is the sensitivity of the instruments available to detect and quantify light output. The Bacterial Ice Nucleation Diagnostic (BIND) test (Idetek Corp.) is based on production of ice nuclei upon infection by phage, which results in ice crystal formation in supercooled water (32) . A major limitation of such methods is the genetic manipulation required to prepare the bacteriophage for the test.
Immunomagnetic separation (IMS) has been used as an alternative to selective enrichment broths for a variety of bacteria, including Salmonella spp. Paramagnetic beads are coated with polyclonal antibodies, which can target and separate Salmonella cells in a mixed suspension with no loss of viability, producing a normal isolate for further confirmation. IMS can eliminate the need for selective enrichment and reduce the time required for conventional methods by as much as 24 h (15) . IMS has also been used in conjunction with other rapid detection methods, including enzyme-linked immunosorbent assays (ELISAs), conductance microbiology, electrochemiluminescence, and PCR (6, 8, 12, 20, 34) .
The objective of this study was to develop a bacteriophagebased assay to detect Salmonella enterica serovar Enteritidis in a timely, inexpensive, and technically simple manner. The assay developed capitalized on the inherent specificity of a bac-teriophage for its target bacterium and was based on the normal infection cycle of the bacteriophage in its host; thus, it required no genetic manipulation. In addition, the assay detected only viable bacteria, leaving target bacteria killed by disinfectants or other bactericidal treatments undetected. Bacterial strains. A Salmonella serovar Enteritidis strain was isolated from an egg in our laboratory and designated strain C721. This strain was used throughout development of the method described here. The strain was maintained on L-agar plates and transferred bimonthly. Fifty-five bacterial isolates were used for the specificity studies. Table 1 shows the 20 strains of Salmonella serovar Enteritidis, 29 strains of non-serovar Enteritidis salmonellae, and six strains of non-Salmonella bacteria used for the specificity study. Fifteen of the serovar Enteritidis isolates were from food and human sources obtained from the Laboratory Center for Disease Control, Ottawa, Canada, and all were from a single outbreak.
MATERIALS AND METHODS

Media
Bacteriophage. The bacteriophage used in this study, bacteriophage SJ2, is a lytic phage isolated in our laboratory from an egg. Bacteriophage were propagated by using the plate method in the host Salmonella serovar Enteritidis C721. One hundred microliters of phage and 100 l of an overnight host culture were added to 2.5 ml of top layer, and the agar was cooled to 45°C and poured over L-agar plates. The plates were incubated overnight at 37°C. Phage were recovered from the plates by using lambda buffer as the recovery medium. Lysate was treated with chloroform at a ratio of chloroform to lysate of 1:3 for 10 min and centrifuged for 15 min at 5,000 ϫ g with a Beckman G2-MC centrifuge (Beckman Coulter Inc., Fullerton, Calif.). Supernatant was recovered and syringe filtered through a 0.2-m-pore-size syringe filter (Nalgene, Rochester, N.Y). The bacteriophage suspension was stored at 4°C.
One-step growth experiment. In order to characterize phage SJ2, a one-step growth experiment was performed to determine (i) the burst time (the latent period between adsorption and lysis) and (ii) the burst size (the average number of phage particles released per infected host cell). The method used was adapted from the method of Maramorosh and Koprowski (16) . Briefly, the phage were allowed to infect a host strain preparation, which was then greatly diluted to halt attachment. The infection cycle was continued with frequent plaque assays of samples.
Bacteriophage specificity. Bacteriophage SJ2 was tested with 55 bacterial strains (Table 1) to determine its specificity. Plaque assays were performed based on a modified method for quantitative assay of phage described by Maramorosh and Koprowski (16) . A phage SJ2 suspension (100 l) and 100 l of the overnight culture to be tested were added to 2.5 ml of molten top layer agar cooled to 45°C. The mixture of phage, cells, and agar was quickly poured onto 10-cm-diameter petri plates (Fisher Scientific) containing hardened L agar, and the plates were swirled to cover their surfaces. When the top agar layer had solidified, the plates were incubated overnight at 37°C and then examined for the presence of plaques.
Principles of the IMS-bacteriophage assay. A flowchart of the IMS-bacteriophage protocol is shown in Fig. 1 .
(i) Capture. Twenty-microliter portions of anti-Salmonella Dynabeads (Dynal, Lake Success, N.Y.) were added to Eppendorf tubes containing 1-ml portions of a stationary-phase culture of Salmonella serovar Enteritidis. The tubes were rotated at 30 rpm for 30 min at room temperature on an Orbitron Rotator II (Fisher Scientific), and then samples were placed in a magnetic particle separator (Boehringer, Mannheim, Germany) for 3 min in order to separate the magnetic beads from the broth. The beads were washed twice in lambda buffer and resuspended in 250 l of L broth.
(ii) Attachment and amplification. One hundred microliters of phage was added to each sample, and the samples were incubated for 10 min at 37°C to allow attachment. The magnetic beads were separated and washed twice in lambda buffer to remove unbound phage. The beads were resuspended in 100 l of L broth and incubated for 30 min at 37°C to allow release of progeny phage.
(iii) SAC incubation. The magnetic beads were captured, and the progeny phage recovered in the supernatant were added to a plastic cuvette containing 1 ml of signal-amplifying cells (SACs) in L broth. SACs were prepared by diluting an overnight culture of Salmonella serovar Enteritidis in L broth to an optical density at 600 nm of 0.075. Absorbance at 600 nm was determined with a Pharmacia Novaspec II spectrophotometer (Amersham Pharmacia Biotech Inc., Uppsala, Sweden). Negative control samples, consisting of 1 ml of L broth, were tested in duplicate alongside positive samples.
(iv) End point detection. The progeny phage and SACs were incubated for 1.5 to 2 h at 37°C. The optical densities of samples were determined. The optical densities of the contents of duplicate sample tubes were calculated as percentages of the mean negative control value. A test which resulted in a value of 70% or less of the mean negative control value was considered a positive test.
(v) Alternative end point detection. Alternatively, SACs were incubated in Eppendorf tubes, and following 1.5 h of incubation, samples were centrifuged at 14,000 rpm for 10 min with an Eppendorf 5415 bench top centrifuge (Brinkmann Instruments Inc., Westbury, N.Y.). The supernatant was discarded, and each pellet was resuspended in 900 l of lambda buffer. Samples were stained with 100 l of LIVE/DEAD Baclight (Molecular Probes, Eugene, Oreg.) bacterial viability stain solution. The dye solution was prepared so that a 100-l portion contained 1.5 l of the live stain (component A, SYTO 9) and 1.5 l of the dead stain (component B, propidium iodide) in lambda buffer. Two-hundred-microliter portions were distributed in quadruplicate into clear 96-well microtiter plates. A blank consisting of the dye and lambda buffer was also included. Samples were left in the dark for 15 min, and green fluorescence was read with an FL500 fluorometer (Bio-Tek Instruments, Winooski, Vt.). The excitation wavelength was 485 nm, and the emission wavelength was 510 nm. Sample values were calculated by determining the mean of four replicate fluorescence readings for each tube. Values for duplicate sample tubes were calculated as percentages of the mean negative control value. A test which resulted in a value of 70% or less of the mean negative control value was considered a positive test.
Efficiency of IMS.
To test the efficiency of magnetic capture, an overnight culture of Salmonella serovar Enteritidis was serially diluted 10-fold in L broth to a dilution of 10
Ϫ6
. The cell concentrations in the six dilutions were estimated to be 10 8 , 10 7 , 10 6 , 10 5 , 10 4 , and 10 3 CFU/ml. Immediately after dilution, the efficiency of magnetic capture was tested with 1 ml of each dilution in duplicate. To determine the cell populations in the initial dilutions, duplicate spread plate counts were determined. Magnetic capture and washing were performed as described above. The beads were resuspended in 1 ml of lambda buffer and vortexed, and duplicate spread plate counts for sample were determined on L-agar plates. Serial dilutions were made as required to enumerate the organisms in samples containing high numbers of cells. All plates were incubated overnight at 37°C. Colonies were counted, and the resulting IMS plate counts were compared to the numbers of CFU per milliliter in the original dilutions.
Assay parameters. (i) Temperature. The IMS-bacteriophage assay was tested at three temperatures (30, 37, and 42°C) to determine the optimum temperature for the assay. Each incubation period (attachment, amplification, and SAC incubation) was carried out at each experimental temperature. Positive and negative samples were tested in duplicate at each experimental temperature.
(ii) Phage population. The IMS-bacteriophage assay was performed by using three phage populations (10 6 , 10 7 , and 10 8 PFU/100 l) with a Salmonella serovar Enteritidis population containing 10 6 CFU/ml in order to determine the optimum phage population for the assay. Positive and negative samples were tested in duplicate for each phage population in each of two trials.
(iii) Media. Preliminary fluorescence studies showed that the L broth used for the final incubation step in the assay interfered with the fluorescent dye, causing high background readings. Thus, a centrifugation step was included in order to wash the cells and remove the medium residue prior to fluorescent staining. An alternative to L broth which would not interfere with fluorescent staining was sought for the SAC incubation step in order to eliminate the washing step. L broth was compared to lambda buffer, as well as to lambda buffer supplemented with two sugars, dextrose and maltose, at three concentrations (0.2, 0.5, and 1.0%). Each of the media was compared to L broth to determine its ability to support growth of SACs and provide a suitable environment for reduction of SACs by phage.
(iv) Freeze-dried SACs. One hundred microliters of an overnight culture was transferred to 30 ml of L broth and incubated for 8 h at 37°C with shaking. Thirty-milliliter portions were centrifuged for 10 min at 5,000 ϫ g. The supernatant was discarded, and each pellet was resuspended in 30 ml of lyophilization medium (50 g of dextran per liter, 75 g of sucrose per liter, and 100 g of sodium glutamate per liter in distilled water). Two-hundred-microliter portions were distributed into sterile 2-ml serum vials (Fisher Scientific), and the vials were loosely closed with butyl slotted-plug stoppers (Fisher Scientific). The vials were frozen at Ϫ65°C overnight and then transferred to a Ϫ70°C freezer for 4 h. The vials were freeze-dried with a Lyph-lock 6-liter freeze-dryer (Labconco, Kansas City, Mo.) equipped with a stoppering tray dryer (model 7756; Labconco) for 22 h at a vacuum pressure of 1.5 ϫ 10 Ϫ1 Pa. The vials were closed with stoppers under a vacuum prior to removal from the chamber. To determine the initial titer of bacteria prior to freeze-drying, 200 l of each culture to be freeze-dried was added to 800 l of lambda buffer. Tenfold serial dilutions were prepared, and duplicate spread plates were incubated overnight at 37°C. The recovery of cells following the freeze-drying procedure was determined by resuspending the contents of duplicate vials containing each freeze-dried culture in 1 ml of L broth. Samples were serially diluted 10-fold in lambda buffer, and 100-l portions were spread plated in duplicate on L-agar plates. The plates were incubated overnight at 37°C, and plate counts were compared to the titer prior to freeze-drying. In addition, reconstituted samples were transferred to 1-ml cuvettes and incubated at 37°C. The optical density at 600 nm was monitored over time to determine the length of the lag phase of the cultures. Sensitivity tests. The limit of detection of the IMS-bacteriophage assay was determined by serially diluting a pure overnight culture of Salmonella serovar Enteritidis to concentrations ranging from 10 2 to 10 6 CFU/ml. The IMS-bacteriophage assay was carried out as described above, and each dilution was tested in duplicate in two trials.
An IMS-bacteriophage assay sensitivity test was also performed as described above by using the freeze-dried SAC population. Freeze-dried cultures were resuspended in 1-ml portions of L broth at the start of the protocol and incubated at 37°C until they were required for the assay (approximately 2.5 h). One-hundred-microliter portions of the reconstituted samples were added to 0.9-ml portions of L broth in plastic cuvettes for use as SACs. The optical density at 600 nm of each of these samples was about 0.060.
In order to demonstrate the utility of fluorescence as a suitable end point for the assay, the IMS-bacteriophage assay was performed with five concentrations of an overnight culture of Salmonella serovar Enteritidis by using fluorescence measurements as described above to determine the assay end point.
Statistical analysis. Linear regression of plate counts versus IMS plate counts was performed by using Quattro-Pro (Corel Corporation, Ottawa, Ontario, Canada). All statistical analyses involving treatment comparisons were performed by using a one-way analysis of variance at the ␣ ϭ 0.05 significance level in QuattroPro (Corel). When statistically significant differences existed, post hoc analysis was performed by using Scheffe's contrast test (26) .
RESULTS
Specificity study. A plaque assay, as well as the IMS-bacteriophage protocol, was performed with each of 55 bacterial isolates (Table 1) in order to determine the specificity of the phage and the assay. The bacteriophage was broadly specific for the serogroup D Salmonella strains tested and did not cross-react with any of the other Salmonella strains tested except S. enterica serovar Typhimurium SA 941256. This Salmonella serovar Typhimurium isolate was confirmed by serology (Difco) to belong to serogroup B.
One-step growth experiment. The propagation curve for phage SJ2 (Fig. 2) shows a burst time of between 32 and 40 min with a burst size of about 245 PFU. Calculation of the percentage of absorption indicated that more than 97% of the phage adsorbed to the host cells during the first 4 min.
IMS-bacteriophage assay. The IMS-bacteriophage assay was performed with six dilutions of Salmonella serovar Enteritidis to determine the detection limit in broth. For each sample, an absorbance value was calculated as a percentage of the mean of the negative control values for that trial. A sample value of 70% of the mean negative control value was used as the cutoff value for a positive test. This value was arrived at based on preliminary work performed with artificially inoculated food samples and provided reliable discrimination between positive and negative samples. Figure 3 shows that the detection limit was less than 10 4 CFU/ml when either a freezedried SAC culture or an overnight SAC culture was used.
The IMS-bacteriophage assay was also performed with five dilutions of Salmonella serovar Enteritidis to demonstrate the utility of fluorescence as a way to determine the assay end point. For each sample, the fluorescence value was calculated as a percentage of the mean of the negative control values for that trial. Figure 4 shows that the detection limit was less than 10 4 CFU/ml when fluorescence was used as an end point, confirming the observations made when optical density was used as the end point.
Efficiency of IMS. Plate counts following IMS were compared to spread plate counts for six dilutions of Salmonella serovar Enteritidis. The results are shown in Fig. 5 . There was a significant positive correlation between plate counts and IMS plate counts (n ϭ 11, r 2 ϭ 0.99, P Ͻ 0.001). Assay parameters. (i) Temperature. The IMS-bacteriophage assay was performed at 30, 37, and 42°C. There was no significant difference in SAC reduction between 37 and 42°C, but these temperatures were significantly better than 30°C (P Ͻ 0.05). As a result, 37°C was used for the assay.
(ii) Phage population. Three phage populations (10 6 , 10 7 , and 10 8 PFU/100 l) were tested in duplicate in two trials to determine the optimum phage concentration for the assay. There was no significant difference between the assay outcomes when 10 7 and 10 8 PFU/100 l were used, but these phage concentrations performed significantly better than 10 6 PFU/100 l (P Ͻ 0.05). Efficient removal of unbound phage after the attachment step is very important to the success of the protocol. As a result, 10 7 PFU/100 l was considered the optimal concentration for the assay, as removal of phage would presumably be more complete if a lower initial phage concentration was used.
(iii) Media. None of the alternative media tested performed as well as the L broth for supporting the growth of SACs in the absence of phage or the reduction of SACs by phage. A washing step to remove broth from the sample tubes is necessary when fluorescence is used as an end point.
Freeze-dried SACs. Because of the potential problems with maintaining and manipulating live Salmonella stock cultures in an industrial food lab, the use of a freeze-dried SAC population was investigated as an alternative to the use of an overnight culture. A comparison of the titers of samples before and after freeze-drying indicated there was approximately a 30% The lag phase of freeze-dried cultures was also investigated. Samples were reconstituted in L broth, and growth, as determined by an increase in optical density, was observed within 1 h. Freeze-dried SACs were compared with an overnight SAC culture by using the IMS-bacteriophage assay. Freeze-dried samples were reconstituted at the beginning of the protocol and incubated until they were required for the assay (approximately 2.5 h). The optical densities at 600 nm of the freezedried cultures reached about 0.060 during this time. An overnight SAC culture was adjusted to the same optical density. The sensitivity of the assay was the same whether the SACs were freeze-dried or derived from an overnight culture (Fig.  3) , indicating that freeze-dried cells were a suitable alternative to an overnight culture.
DISCUSSION
The procedure for detection and isolation of Salmonella serovar Enteritidis described here is rapid, sensitive, specific, and easy to perform. The assay can be completed in 4 to 5 h. The IMS-bacteriophage assay is based on isolation of target cells by using paramagnetic beads coated with polyclonal antibodies against Salmonella and subsequent infection of the target cells by a lytic bacteriophage. The resulting progeny phage are recovered and assayed by using SACs. In negative samples, the SACs grow in the absence of phage. In positive samples, growth of the SACs is slowed compared to growth in the negative samples, and over time the population may decrease. This difference can be quantified by using optical density or fluorescence measurements.
The results of the specificity study indicate that bacteriophage SJ2 was not specific for Salmonella serovar Enteritidis, nor was its host range sufficient for a genetic Salmonella test (Table 1) . The current method, therefore, can be used as a model system. All five Salmonella serovar Enteritidis isolates tested, as well as the 15 Salmonella serovar Enteritidis outbreak isolates, were positive as determined by both the IMSbacteriophage assay and the plaque assay. Strong positive results were also observed with S. enterica serovar Sendai (group D) and Salmonella serovar Typhimurium SA 942256. This Salmonella serovar Typhimurium strain was confirmed by serology analysis to belong to group B. Salmonella serovar Typhimurium 94-51 was not sensitive to the phage. Two other serotypes belonging to serogroup D, S. enterica serotype Berta and S. enterica serotype Panama, produced somewhat inconsistent results with both the plaque assay and the IMS-bacteriophage assay. The repetitive O-antigen structures of Salmonella strains are known to be receptors for Salmonella phage, such as phage P22 of Salmonella serovar Typhimurium (24) . Positive strains had the same diagnostically important somatic (O) or flagellar (H) antigens as strains found to be uninfected by phage SJ2. Somatic antigen 09 was found in all of the serogroup D Salmonella strains tested, but this antigen is not present in Salmonella serovar Typhimurium. O antigens 01 and 12 are found in all of the strains that test positive but are also found in other group B strains (2) . Outer membrane proteins are also known to be receptors for phage in gram-negative organisms, including phage lambda of Escherichia coli K-12 (27) . Further work will be necessary to determine the receptor(s) for phage SJ2. A more suitable choice for a generic Salmonella test may be R-core-specific bacteriophage Felix-O1 (19) , which was shown to infect more than 98% of the more than 5,200 Salmonella strains tested (9) .
In the early development of the assay, prior to the use of IMS, centrifugation was the technique used to separate unbound phage from the samples after the attachment step. This procedure was successful for tests of pure cultures in broth but did not address the problem of competitive flora and food matrix effects that could be encountered in food sample enrichments. In order to make the assay more applicable to eventual testing of food samples, IMS was employed. Magnetic particle separation is important not only for initial recovery of target cells but also for permitting subsequent washing steps (phage removal) and for immobilizing the beads and cells for recovery of progeny phage in the supernatant.
There was good correlation between IMS and plate counts over the range of cell concentrations tested (r ϭ 0.99, P Ͻ 0.001). At the 10 Ϫ6 dilution (1.4 ϫ 10 3 CFU/ml), 86% of the bacteria were recovered. The level of recovery dropped to 15.7% for the 10 Ϫ1 dilution (1.4 ϫ 10 8 CFU/ml), probably because of the increased cell-to-bead ratio. There were approximately 1.3 ϫ 10 7 beads added per ml of sample (Dynal Inc., personal communication). At the highest dilution, this equaled a cell-to-bead ratio of about 10 to 1. Vermunt et al. (31) reported a recovery rate of 51% Ϯ 7.8% following IMS, although these authors prepared beads by using a noncommercial source of antibodies.
The one-step growth experiment performed with bacteriophage SJ2 was important in that it determined some of the incubation times required for the assay. Since lysis began to occur after 32 min (Fig. 2) , the length of the attachment and washing steps could not exceed this time; otherwise, progeny phage might have been lost. As a result, 10 min was used for attachment of phage, followed by 20 min for washing. The results of the growth experiment suggest that a 30-min incubation period for amplification would be sufficient for one complete round of infection.
The optimal parameters for the assay were determined to be an assay temperature of 37°C and a phage population size of 10 7 PFU/100 l, and L broth was the most suitable medium for SAC incubation (although any nonselective nutrient medium that supports growth of Salmonella should be suitable).
Fluorescent probes, such as rhodamine 123, carbocyanine, calcafluor white, oxonol dye, and ethidium bromide, have been used to determine bacterial viability, with different degrees of success (17, 18, 25) . A novel LIVE/DEAD bacterial viability kit has been developed by Molecular Probes, and this kit has two fluorescent components: a live stain, SYTO 9, and a dead stain, propidium iodide (Molecular Probes product information). SYTO 9 is a cell-permeating nucleic acid stain that fluoresces green in all cells when it is excited by blue light. Propidium iodide is a nucleic acid stain that does not permeate cells and stains only cells with compromised membranes. Propidium ioide competes for binding sites with SYTO 9 in such cells, and the result is cells that stain red when they are excited by blue light. Bogosian et al. (4) evaluated the viable-but-non-culturable state in E. coli and concluded that cell membrane integrity is not a suitable predictor of cell viability. They developed a mixed-culture recovery method which demonstrated that the apparently nonculturable cells were not viable but not culturable but were in fact dead, despite the fact that they continued to stain green with the Molecular Probes LIVE/DEAD Baclight viability stain throughout the 300-day experiment.
In the present study cell death occurred because of lysis of the cells by phage; thus, the LIVE/DEAD stain is an appropriate choice to monitor viable cell numbers. Preliminary work with a modified direct epifluorescent filter technique (23) indicated there was good correlation between plate counts and direct epifluorescent filter technique counts when the LIVE/ DEAD stain was used (data not shown). When measurements were determined with a fluorometer, L broth was found to interfere with the fluorescent signal, resulting in high background levels. Lambda buffer and lambda buffer supplemented with one of two sugars (dextrose or maltose) at three concentrations (0.2, 0.5, and 1.0%) were evaluated for the ability to support growth of SACs in the absence of phage, as well as the ability to provide a suitable environment for reduction of SACs by phage. These media did not interfere with fluorescent staining but did not perform nearly as well as L broth for both parameters.
Although the initial analyses in which fluorescence was used as the end point for the IMS-bacteriophage assay were successful, it became clear that positive and negative samples could be distinguished visually based on the turbidities of the samples. Optical density was then examined as a way to determine the assay end point. Using optical density has other advantages. First, a spectrophotometer is a relatively inexpensive and common piece of laboratory equipment. Second, sample manipulation and total costs are reduced, as there is no need for fluorescent staining. Third, sample results can be read directly after removal from the incubator, without the need for a washing step to remove media. And fourth, the assay is flexible, since samples can be reincubated after initial readings are obtained to further distinguish between positive and negative samples. The use of fluorescence as an end point has none of these advantages.
The limit of detection of the IMS-bacteriophage assay in broth was determined to be less than 10 4 CFU/ml (Fig. 3) . The sample values were calculated as percentages of the mean negative control value. A sample value of 70% or less of the mean negative control value was considered positive. The 70% cutoff value was determined based on preliminary work performed with artificially inoculated food samples and gave reliable discrimination between positive and negative samples. Hirsch and Martin (11) reported on another Salmonella detection assay based on the principle of assaying progeny phage. They described a method for detection of Salmonella by using bacteriophage Felix-O1 and high-performance liquid chromatography. The interaction of bacteriophage Felix-O1 with Salmonella serovar Typhimurium resulted in increased numbers of bacteriophage which were subsequently detected by highperformance liquid chromatography. The detection limit was determined to be 10 6 Salmonella cells per ml (10). Stewart et al. (29) described a similar method termed the phage amplification assay. In this method, phage were incubated with target cells, and unbound phage were destroyed by a novel virucidal agent that did not destroy the target cells. Progeny phage were then assayed by a plaque assay with the aid of a helper population of bacteria. The detection limit was reported to be 40 bacteria per ml for Pseudomonas aeruginosa and 600 bacteria per ml for Salmonella serovar Typhimurium (29) . Considering legislative requirements that a rapid method for detecting Salmonella spp. must be able to detect one viable bacterial cell per 25 g of food sample, some form of preenrichment would still be required to reach the reported detection limit of 600 Salmonella serovar Typhimurium cells per ml. Also, Stewart et al. employed only pure cultures. The problem of competitive microflora and the possible interference of phage binding by food matrices that could be encountered in food sample enrichments would likely compromise the assay sensitivity and necessitate a selective enrichment or separation step.
The BIND test (Idetek Corp.) is the only commercially available bacteriophage assay for detection of Salmonella in food and is based on production of ice nuclei after infection by phage (33) . A sensitivity of 10 CFU/ml has been reported for this assay, and food material was found not to interfere with the assay (32) . The BIND assay was compared with the Reveal ELISA test (Neogen Corp.), a filter monitor test from Future Medical Technologies, and a standard plating method for detection of Salmonella in fresh and frozen poultry and environmental samples (22) . Peplow et al. concluded that the BIND assay, in its current state of development, is not suitable for routine monitoring of environmental samples due to its low sensitivity, which results in many false-negative results.
The detection limits of ELISAs have been reported to range from 10 4 to 10 8 CFU/ml (6, 13, 21) . The IMS-bacteriophage assay has a detection limit comparable to or better than those of all of the other available detection methods, except the gene amplification methods.
One of the problems common with antibody-based tests is nonspecific binding. Parmar et al. (20) evaluated an IMS-conductance method for detection of Salmonella in milk powders. In evaluating the specificity of IMS by using anti-Salmonella Dynabeads, they noted that exposure to Citrobacter freundii resulted in a Salmonella type of conductance curve and concluded that the magnetic beads were only partially specific for the Salmonella strains tested. Nonspecific binding of C. freundii has been reported by other authors (6) . In contrast, because of the increased specificity of the IMS-bacteriophage assay imparted by the bacteriophage, nonspecific binding should not lead to false-positive results and should not interfere with the assay provided an appropriate number of Salmonella cells can be recovered on the beads. The C. freundii included as part of the phage specificity test in this study did not result in a positive test. Factors that affect immunological and nonspecific binding to magnetic beads include the culture medium, the bacterial strain, and the particle-cell incubation time and temperature (3).
Maintaining and propagating live Salmonella cultures for use as SACs in the assay may not be desirable in an industrial food laboratory. Freeze-dried Salmonella cultures that were reconstituted on the day of testing were investigated as an alternative to overnight cultures. The sensitivity of the assay was not compromised when freeze-dried SACs were used (Fig.  3) . A format could be developed so that freeze-dried cells could be resuspended and incubated and the progeny phage could be added with minimal risk of release into the lab environment. Another alternative would be the use of auxotrophic mutants or the use of avirulant mutants of phage host cultures.
A limitation of the protocol described here is that it is not suitable for routine screening of large numbers of samples. A maximum of 12 sample tubes can be comfortably assayed at one time. Microtiter plates coated with polyclonal antibodies against Salmonella, combined with recent developments in plate washers, could increase the number of samples that can be tested at one time and lead to partial automation of the protocol. Another improvement to the protocol may be immobilization of bacteriophage on magnetic beads or microtiter plates for capture and separation of target cells from food sample enrichments. Bennett et al. (1) described a novel biosorbent consisting of a Salmonella-specific bacteriophage passively immobilized on a solid phase, which included plastic dipsticks and microtiter plates. However, the capture efficiency was poor, possibly because of the orientation of the phage on the solid phase (attachment by both head and tail groups) or because of the small surface area of microtiter wells. Bennett et al. noted that further research would optimize biosorbent construction in terms of the type of phage used, the orientation of the phage, and the choice of solid phase. Use of a phagebased biosorbent in the present study would have reduced the total assay time and sample manipulation time by combining the capture and attachment steps. In addition, the high specificity of a phage for its target bacterium may reduce the nonspecific attachment often observed with antibody-based applications.
The IMS-bacteriophage assay described here is based on the combined specificity of immunomagnetic beads and bacteriophage SJ2 for Salmonella spp. Our results demonstrate that the normal biology of bacteriophage SJ2 in its host bacterium can be exploited and that progeny phage can subsequently be assayed indirectly by determining their effect on a helper population of healthy Salmonella serovar Enteritidis cells. The assay end point can be determined either by optical density or fluorescent measurements. The assay is not specific for Salmonella serovar Enteritidis, nor is it suitable for a generic Salmonella test, but it provides a good working model for future development of the assay with other host-phage systems. The assay is simple to perform, can be completed in 4 to 5 h, and has a limit of detection of less than 10 4 CFU/ml. The next step in the development process will be to test the assay with artificially inoculated food samples.
